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Abstract 

The use of geopolymers as adsorbent materials has been increasingly investigated in the 

last few years, thanks to their highly intrinsic mesoporosity and ion exchange capability. As 

they consolidate following a condensation reaction from a liquid slurry, they can easily be used 

as a binder for widely known adsorbents, such as zeolites or activated carbons. Such 

combination is very promising for applications in the field of water treatment. Geopolymer 

slurries consolidate at room temperature and can be easily shaped using different fabrication 

techniques. 

In this work, the performance of geopolymer composites with the addition of activated 

carbon and hydrotalcite for the removal of an organic anionic dye (Orange II) from water was 

investigated. Beads produced by freeze-drying were compared with lattices produced by Direct 

Ink Writing. For both beads and lattices, the geopolymer matrix had the following molar ratios: 

SiO2/Al2O3 = 3.8; Na2O/Al2O3 = 1. H2O/Al2O3 ratio was adjusted to the different process. The 

different fillers were added to the slurries up to an amount of 27%wt (dry basis). 

Beads were produced by dripping the slurries into a liquid nitrogen bath and by freeze-

drying the resulting beads for two days; the geopolymerization was finally completed at 75 ºC 

and 100% relative humidity. The slurries prepared for Direct Ink Writing contained also sodium 



bentonite as a rheological agent to enhance the pseudoplasticity of the ink. The lattices were 

printed with a nozzle with a diameter of 840 µm and consisted of a 0º - 90º stacking of layers 

of filaments with 0.8 mm spacing, which resulted in a design porosity of 50 vol%; the 

geopolymerization was completed at 75 ºC for 2 days and 100% relative humidity. 

Physical and chemical characterizations were performed on both beads and lattices 

(porosity, morphology and crystallinity, compressive strength); the removal efficiency of 

Orange II dye was evaluated focusing on the adsorption capacity and kinetics. 
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1. Introduction 

Since the industrial revolution in the 18th century, the production of industrial wastes has 

increased exponentially. The growth of industries such as mining and metallurgical, electronic, 

textile, agricultural, pharmaceutical, cosmetics and many others are the main cause of soil and 

water contamination. Metal ions, anionic metal complexes and other species [1], herbicides, 

antibiotics and dyes [2] are examples of contaminants that are currently found in drinking water, 

putting at risk human health and the environment. According to the United Nations, in the 

developing countries, around 80% of all industrial and municipal wastewaters are released into 

the environment without any kind of pretreatment. Additionally, water pollution is also 

increased by urban stormwater runoff, agricultural runoff, and polluted rainwater that can reach 

drinking water sources. The threats of contamination of the available drinking water are 

numerous; however, industrial waste derived pollution is one of the most concerning and 

growing dangers in our time.  

One of the examples of such threatening pollutants are synthetic dyes that are in extensive 

use not only in the textile industry, but also the leather, rubber, plastic, cosmetics, paper and 

printing ones as well [3]. Dyes constitute a danger due to their interactions with sunlight in 

water bodies that hinders the photosynthesis of algae and water plants, toxicity for living 

organisms, and high resistance towards sunlight or microbial decomposition and even to some 

oxidizing agents [3,4]. 

There are several techniques for removal of dyes from water, such as chemical precipitation 

or coagulation, electrochemical treatment, membrane filtration, advanced oxidation, ion 

exchange and adsorption [5,6]. Apart from the obtained treatment efficiency, which varies 

according to the method, the listed techniques differ concerning the specific advantages and 

disadvantages that they possess. These limitations may relate to the extensive consumption of 



chemicals or energy, generation of process wastes or potentially harmful by-products. 

Adsorption represents an overall non-harmful treatment technique possessing high efficiency 

due to the ability to tune an adsorbent towards a particular pollutant and to its high efficiency 

even for highly diluted solutions. On the other hand, it is essential to evaluate adsorbent-

adsorbate interactions under variable process conditions, such as solution pH, temperature and 

composition (presence of natural organic matter (NOM), ionic nature). Although water 

contamination is commonly associated with industrial wastewaters, it is also frequently 

reported in other water sources, such as domestic wastewater effluents, groundwater, rivers and 

lakes [7–12]. All the mentioned water sources possess different water quality characteristics, 

which makes the adsorbent-adsorbate interactions in real water matrices very complex and 

affects the adsorption performance. 

A variety of materials are widely used as adsorbents for the removal of industrial 

contaminants, such as clays, activated carbon, biochars, resins, zeolites, etc. Recent trends focus 

on investigating the adsorption properties of bio-based materials [13,14], synthesized highly 

porous framework materials [15,16], and geopolymers [17,18]. 

Geopolymers (GPs) were first introduced by J. Davidovits in late 1970’s to describe an 

inorganic material constituted by an amorphous aluminosilicate three-dimensional network 

with structural mesoporosity (i.e. pore diameters in the 2-50 nm range)[19]. Their network 

consolidates at ambient conditions and does not require further sintering at elevated 

temperatures; moreover, they can be synthetized from waste materials such as fly ashes, 

biomass ashes and foundry slags. For these reasons, they represent a low cost and 

environmentally friendly alternative for water treatment compared with conventional materials 

such as synthetic zeolites, ceramics and polymers. Sorption capabilities of geopolymers are 

related both to their mesoporosity and their cation exchange ability. In fact, an exchange of 

silicon for aluminum in the network results in negatively charged sites compensated by alkali 

cations which become available for transport within the GP structure.  

A rather large body of published research exists on the use of GPs in different shapes as 

adsorbents for the removal of several contaminants, such as powders and monoliths for the 

uptake of Pb+2, Cd2+, Cu2+ and Cr3+, foams for Cu2+ capturing , lattices produced by additive 

manufacturing for NH4+ removal, beads for the elimination of Pb2+ and cationic dyes (i.e. 

methylene blue) [20–27]. However, all of the aforementioned examples deal with positively 

charged pollutants and exploit geopolymer as ion-exchangers; to our knowledge, only few 

studies have been carried out so far on the adsorption of anionic pollutants using geopolymer 

powders [28–30].  



Activated carbon is the state-of-the art adsorbent choice for anionic pollutants, due to its 

excellent performance that comes from its highly developed micro and mesoporous structure, 

which determines a large specific surface area as well as the presence of different active sites 

(i.e., functional groups such as carboxyl, carbonyl, phenol, etc.) anchored to the surfaces of the 

graphite-like layers, which can be tailored for specific adsorption. 

Hydrotalcite is a double-layered mixed mineral of the clay family, with anionic nature. 

Solid inorganic hydrotalcites are constituted of layers of Mg(OH)2, in an octahedral structure 

similar to that of brucite. The main feature of hydrotalcites is their great anion exchange 

capacity. For this reason, they are often used as anionic pollutant adsorbents in advanced 

wastewater treatment. 

Activated carbon and hydrotalcite are often supplied as powders, and their cost is generally 

higher than that of a geopolymer. Another major advantage of geopolymers is the ease of 

shaping, which can result in optimized geometries and morphologies for water treatment [31].  

Beads can be produced by dropping a geopolymer slurry into a bath that ensures a rapid 

consolidation of the droplet spherical shape; in the case of a liquid nitrogen bath, consolidation 

happens via levitation on a supporting vapor layer following the “inverse” Leidenfrost effect 

[32]. Moreover, the water present in the geopolymer slurry results in segregation and directional 

freezing of ice from the external surface of the bead towards the warmer center. Upon ice 

sublimation, an oriented (radial) porosity is developed in the bead [26]. In industrial 

applications, the use of porous beads could facilitate separation steps in comparison with 

powders and increase efficiency compared to monoliths [33]. 

Another method to produce geopolymer components with high open porosity is additive 

manufacturing (AM) [34]. With AM, it is possible to precisely control the pore size, pore-size 

distribution, pore shape, and pore interconnectivity; non-stochastic porosity generally results in 

higher strength and optimized permeability and tortuosity with respect to foams. Geopolymer 

slurries are ideal candidates for extrusion-based AM processes such as Direct Ink Writing 

(DIW), thanks to their intrinsic shear thinning behavior and their room temperature 

consolidation [35]; they have already been used for fabricating highly porous lattices for water 

treatment and catalysis [24,31,36,37]. 

 In this work, sodium-based geopolymer composites with activated carbon and hydrotalcite 

were produced in the form of beads by freeze-drying and lattices by DIW. As both processes 

start from a slurry, it is easy to employ geopolymer as a low-cost matrix for the fabrication of 

composite materials with active fillers with high sorption properties in a minimum amount, 

which can be mixed directly into the slurry and will remain accessible after consolidation thanks 



to the geopolymer intrinsic mesoporosity. The influence of the material choice as well as the 

geometry and morphology on the removal of an organic, anionic dye (Orange II) from water 

was evaluated.  

 

2. Materials and methods 

2.1 Fabrication Method – Beads by Freeze-drying 

The geopolymer slurry employed as matrix for the composite beads had the following 

composition (molar ratios): Na2O/SiO2 = 0.263; SiO2/Al2O3 = 3.8; Na2O/Al2O3 = 1 and 

H2O/Na2O = 25. 

First, an alkaline solution was prepared by mixing pellets of sodium hydroxide (NaOH, 

Sigma-Aldrich, Steinheim, Germany) with a sodium silicate solution (SS 2942, Ingessil S.r.l., 

Montorio, Italy) and distilled water. The solution was prepared and stored at 4 °C at least 24 h 

prior to its use. Then, the slurries were prepared by adding metakaolin (Argical 1200S, Imerys 

S.A., Paris, France), to the alkaline solution and mixing for 10 min at 2200 rpm. Afterwards, 

either activated carbon (C242, CAM Italia Spa) or hydrotalcite (Sigma Aldrich GmbH) were 

added and mixed for another 10 minutes, in order to obtain samples B_GP_C242 (21.5 wt.% 

C242, dry basis) and samples B_GP_H (22.8 wt.% hydrotalcite, dry basis) respectively.  

The slurries were dripped with a pipette into a liquid nitrogen bath, where they were 

immediately shaped into beads. They were then transferred into a freeze dryer (Labconco, 

FreeZone 2.5 Liter Benchtop Freeze Dry System, Kansas City, USA) at -52 °C and 0.2 mbar 

of pressure for 48 hours. After that, the beads were moved in an oven at 75 ºC and 100% relative 

humidity for another 48 hours to allow for curing.  

 

2.2. Fabrication Method – Lattices by Additive Manufacturing 

The geopolymer matrix in the lattices produced by additive manufacturing (direct ink 

writing, DIW) had the same composition of the previous one (molar ratios): Na2O/SiO2 = 0.263; 

SiO2/Al2O3 = 3.8; Na2O/Al2O3 = 1. The H2O/Na2O ratio needed to be adjusted according to the 

process rheological requirements (H2O/Na2O = 20 to prepare the ink with activated carbon and 

H2O/Na2O = 18 when hydrotalcite was used). For the same reason (i.e. to act as a rheological 

agent to increase the ink pseudoplasticity), sodium bentonite (ClearOFF Minerals, UK) was 

added to the alkaline solution (2.0 wt.% for inks containing C242 and 4.4 wt.% for inks 

containing hydrotalcite, in dry basis), and mixed until complete dispersion. After that, 26.8 

wt.% (dry basis) of activated carbon and 25.2 wt.% (dry basis) of hydrotalcite were added to 

inks 3D_GP_C242 and 3D_GP_H, respectively; finally, metakaolin was added in an ice-cold 



water bath (to slow down the geopolymer reaction), and mixed for 10 min. The different 

percentage of filler between the different materials and fabrication processes derives from the 

highest admissible content which can be added in order to obtain a homogeneous mixture with 

optimal viscosity for dripping or extruding.  

The obtained slurries were loaded into a syringe and mounted on a DIW 3D printer (Delta 

Wasp 2040 Turbo, Wasproject, Massa Lombarda, IT) equipped with a pressure vessel and a 

screw extrusion system. The machine was configured with print speed in a range of 7 to 10 

mm/s and extrusion flow as needed. Lattice structures were printed at room temperature and in 

ambient air. The ink was extruded through the tip of a conical nozzle with a diameter of 840 

μm (Nordson Italia S.p.a., Segrate, IT). The printed lattices were constituted of layers of parallel 

geopolymer filaments with a 0.8 mm spanning distance. The design porosity was obtained 

considering the sample as a solid cube, the volume occupied by the material was the dimension 

of the filament (0.8mm), and the void volume was the space between the filaments (0.8mm), 

therefore the design porosity was 50%; each layer was stacked at a 90º angle with respect to the 

previous one. The lattices designed dimensions were 20 mm (side) and 9.6 mm (height). The 

printing process is described in detail elsewhere [35]. After printing, the samples were placed 

in a muffle furnace at 75 °C for 2 days in a closed environment to complete the 

geopolymerization reaction. 

The same slurries produced for DIW were poured into a closed mold, cured at 75 °C for 2 

days and then ground in order to produce a powder which was used in the adsorption test to 

evaluate the performance of the materials themselves (P_GP_C242 and P_GP_H). 

Fig. 1 shows the general procedure followed to fabricate beads and lattices with activated 

carbon and hydrotalcite. 

 



 
Figure 1. Manufacturing process for geopolymer beads and lattices. 

 

2.3. Characterization 

The amorphous structure and/or the crystalline phase assemblage of the geopolymer 

composites, were identified on ground and sieved beads by an X-ray diffractometer (D8 

Advance, Bruker Corporation, Karlsruhe, Germany) with Cu-Kα radiation, operated at 40 kV 

and 40 mA with 0.05° step width, a scanning range of 10 - 70° and a scanning speed of 1 s/step. 

Physical and chemical characterizations were performed on both beads and lattices. The 

apparent (ρa) and true (ρt) density of the beads was measured using a helium pycnometer 

(Micrometrics AccuPyc 1330, Norcross, GA, USA) on entire beads or lattice parts and on 

crushed powders, respectively. The bulk or geometric density (ρg) was obtained by dividing the 

mass by the bulk volume measured with a caliper. The total and open porosity (TP and OP, 

respectively) was then calculated according to the following equations: 

𝑇𝑃 = 	
𝜌! − 𝜌"
𝜌!

	𝑥	100 (1) 

𝑂𝑃 = 	
𝜌# − 𝜌"
𝜌#

	𝑥	100 (2) 

Compressive strength was tested at room temperature with a universal testing machine 

(Instron 1121 UTM, Instron Danvers, MA) with a constant crosshead speed of 0.5 mm/min; 

results are reported as mean ± standard deviation of at least 10 samples for each geometry. 



Specific surface area (SSA) was determined by multi-point Brunauer, Emmett, Teller 

(BET) method with Quantachrome Autosorb iQ (Quantachrome Instruments, Boynton Beach, 

Florida), with a degassing temperature of 110 °C for approximately 16 h under reduced pressure 

and analysis by N2 adsorption at liquid nitrogen temperature. 

The morphology of all samples was analyzed through optical microscopy (STEMI 2000-

C, Carl Zeiss AG, Oberkochen, DE) and scanning electron microscopy (ESEM, Quanta 200, 

FEI, Hillsboro, OR), with a magnification varying from of 25x to 5000x. Chemical analysis 

was also carried out by energy-dispersive X-ray spectroscopy (EDX). 

To evaluate the degree of geopolimerization of the samples, FTIR measurements were 

carried out on ATR-FTIR spectrometer (ATR Pro ONE attachment, FTIR6200, JASCO, 

Japan); the infrared range of the analysis was 4000 to 600 cm-1 with a spectral resolution of 4 

cm-1, recording 64 scans. 

 

2.5. Adsorption Tests 

Synthetic solutions with different dye initial concentrations for pH, isotherm and kinetic 
experiments were prepared by dissolving Orange II sodium salt (C16H11N2NaO4S, dye 
content > 85%, Sigma-Aldrich) in ultra-pure deionized water (0.5 - 1 µS/cm at 25 °C) collected 
from CENTRA-R 60/120 system (Elga treatment system, Veolia Water, Bucks, UK). Diluted 
HCl (pure grade, 37%, PCC Rokita SA) and NaOH (water solution, 50 wt.%, Sigma-Aldrich) 
were used to adjust pH of the solutions. Adsorbents produced as described above were dried in 
a vacuum oven at the temperature of 105 °C for 24 hours and then kept in desiccator prior to 
the analyses. Powder samples were additionally milled in an agate mortar to assure that there 
were no changes in the geopolymers’ surface area due to the potential particle aggregation.  

Adsorption experiments were run in a batch mode. The main studied parameter was the 
performance of a particular type of adsorbent – GP_H or GP_C242, available in three 
configurations (powder (P), beads (B), lattices (3D)) – under variable experimental conditions. 
Namely, the influence of the pH and concentration of the initial solution and of the contact time 
with the adsorbents was investigated. All the adsorption tests were performed under the constant 
temperature of 25 °C and stirring speed of 350 rpm. 

The effect of initial pH of the Orange II solutions on the adsorption performance was 
studied for a pH range of 1 – 9. Orange II solutions with initial concentration of 50 mg/L were 
mixed with the adsorbent for 24 hours (adsorbent to solution mass ratio was 1:1000). 

To determine the equilibrium adsorption capacity of the materials, dye solutions with initial 
concentrations of 25, 50, 100, 200, 300, and 400 mg/L were mixed with the adsorbent for 24 h. 
The initial pH of the solution was set to 2, and the adsorbent to solution mass ratio was 1:200. 



The effect of contact time was investigated for 100 mg/L and 150 mg/L dye solutions 
mixed with GP_H and GP_C242 materials, respectively. The samples of the treated solutions 
were collected at 5, 15, 30, 60, 120, 240, 480, and 1440 min. 

Prior to analytical determination of the residual Orange II content, the collected samples 
were filtered through 0.45 mm regenerated cellulose syringe filters, and the final solution pH 
was measured. The solution pH was measured by a digital Metrohm 744 pH Meter 
(Switzerland) at 25 °C. UV/Vis spectrophotometer (Jasco V-670 spectrophotometer, Japan) 
was utilized to measure the concentration of Orange II dye solutions before and after adsorption 
at λ = 510, 470 and 315 nm. 

Adsorption capacity of the adsorbent material at time t (qt, mg g-1) was calculated according 

to Eq. (3): 

𝑞! =
(𝐶$ − 𝐶!) × 𝑉

𝑚  (3) 

where Ct is the concentration of the studied substance (Orange II) in the solution at time t 
(mg·L-1), V is the volume of the solution (L), and m is the mass of the geopolymer used in the 
adsorption test (g). 

The effect of usage on the geopolymer components was evaluated by repeating 
compressive strength tests, total porosity calculation and SSA determination on samples subject 
to the equilibrium adsorption capacity experiment with initial concentration of 25 mg/L.  

 
3. Results and discussion 

3.1. Geopolymer composites synthesis 

Fig. 2 shows the XRD spectra of ground B_GP_C242 and B_GP_H samples (for the 

spectra of metakaolin, C242 and hydrotalcite raw materials see the Supplementary Information, 

Fig. S1a). The typical spectrum of metakaolin based geopolymers can be identified in both 

samples, with an amorphous band centered at about 27° and the characteristic peaks of 

metakaolin impurities (quartz, anatase and muscovite). The amorphous nature of the activated 

carbon, with a band centered at similar angles, makes it difficult to assess its presence; on the 

contrary, the characteristic peaks of hydrotalcite are clearly visible in the B_GP_H spectrum, 

which means that the alkaline geopolymer matrix did not damage the active filler. The strategy 

of embedding activated carbon and hydrotalcite in a mesoporous geopolymer matrix appears 

therefore to be a viable way of generating structures with increased SSA and functionality. 

 



 
Figure 2. XRD patterns for B_GP_C242 and B_GP_H.  

 

3.2. Beads by Freeze-drying 

SEM images of a B_GP_C242 bead are shown in Fig. 3; the bead appears spherical with a 

smooth surface (Fig. 3a). The measured diameter of both B_GP_C242 and B_GP_H beads was 

4.1 ± 0.1 mm; the low standard deviation is a confirmation of the repeatability of the freeze-

drying technique. The average weight of a B_GP_C242 bead was 44 ± 3 mg. The surface of the 

bead appears only slightly porous (Fig. 3b), whereas the internal core appears highly porous 

(Fig. 3c); the pores are left by the water that was extracted during the freeze-drying process. 

There is a homogeneous distribution of the activated carbon within the geopolymer matrix; in 

Fig. 3d, the red circle highlights a particle of activated carbon with a distinctive cellular 

multilayered morphology.  

SEM images of a B_GP_H sample are shown in Fig. 4. Beads with this composition had 

the same diameter, yet they were slightly lighter (38 ± 4 mg). Here, the hydrotalcite particles 

cannot be detected due to their composition similar to the matrix. Again, the surface appears 

only slightly porous, whereas the internal core is highly porous and with smaller pore size 

compared to B_GP_C242. The red circle in Fig. 4c shows an empty pocket in the center of the 

bead, from which various channels originate and run towards the surface; this pattern is the 



typical path for the crystallization of ice and subsequent extraction of the water during freeze-

drying process. 

 
Figure 3. SEM images of B_GP_C242: (a-b) external surface and (c-d) internal core. 



   
Figure 4. SEM images of B_GP_H: (a-b) external surface and (c-d) internal core. 

 

Table 1 reports the results of the compressive strength, total and open porosity, and specific 

surface area (SSA) of B_GP_C242 and B_GP_H beads. It appears that for both samples the 

porosity is almost entirely open and interconnected. Beads with activated carbon confirmed 

lower porosity values compared to those with hydrotalcite; this could be related to water 

separation in the slurry and might be solved by adding a surfactant to it. As a result, their 

compressive strength was higher. Even though the macro-porosity was lower, the SSA for the 

B_GP_C242 beads was much higher, certainly due to the high SSA of the activated carbon. 

 

Table 1. Physical properties of B_GP_C242 and B_GP_H. 

Samples 
Compressive 

Strength [MPa] 

Total 

Porosity [%] 

Open Porosity 

[%] 

SSA  

[m2 g-1] 

B_GP_C242 2.1 ± 0.5 47.61 ± 0.03 47.36 ± 0.04 110.8 

B_GP_H 1.3 ± 0.3 53.91 ± 0.04 53.36 ± 0.03 3.9 

 

Fig. 5 reports the FTIR analysis of B_GP_C242 beads cured at 75 °C for 2 days either in a 

dry environment or at 100% relative humidity (RU). In fact, geopolymerization happens in 



presence of water, yet water was removed from the beads during the freeze-drying process; 

therefore, additional water must be provided in order for the beads to react properly. The most 

characteristic region for both metakaolin and geopolymers is at about 1000 cm-1, attributed to 

asymmetric stretching vibrations of Si–O–Si and Al–O–Si. For the metakaolin, this peak is 

centered at about 1050 cm-1, while for a cured geopolymer it generally shifts to lower 

wavenumber (about 990 cm-1) due to the formation of the amorphous aluminosilicate gel [38]. 

When the beads were cured at 100% RU, the peak was centered at 987 cm-1; when they 

were cured without humidity, the peak remained closer to that of metakaolin (1015 cm-1); this 

confirms that curing must be performed at 100% RU to produce stable, fully reacted 

components. 

 
Figure 5. FTIR spectra of bead cured in a dry (without humidity) or wet (with 100% relative 

humidity) environment. 

 

3.3. Lattices by Additive Manufacturing 

Fig. 6a shows an overview of a printed 3D_GP_C242 lattice, whereas Fig. 6b-c focus on 

its cross section. It can be observed that the structure is constituted by filaments with regular 

diameter and spacing, a sign that the slurry was well suited for the additive manufacturing 



process. The measured dimensions of 3D_GP_C242 and 3D_GP_H lattices were 19.8 ± 0.4 

mm (side) and 9.3 ± 0.5 mm (height), showing good accordance with the design. 

 The rheological behavior of geopolymer composite inks with similar composition and 

filler fraction was described elsewhere [38], and it was proven to be suited for DIW of similar 

lattice structures. Fig. 6b confirms that the filament is able to maintain its shape without sagging 

even in the case of suspended bridges, keeping the macroporosity open also in the Z direction. 

At higher magnification (Fig. 6c), the cross section of a strut shows additional macro-voids, 

due to mixing, as well as the presence of activated carbon (highlighted in the red circle).  

 

 

 
Figure 6. (a) Image of 3D_GP_C242 lattice; (b-c) cross section of 3D_GP_C242. 

 

3D_GP_H lattices, shown in Fig. 7, were also constituted of regular filaments with 

cylindrical shape; porosity in the Z direction remained open in this case as well. The cross 

section of the filament shows the presence of some sphericalFigure 7. (a) Image of 3D_GP_H 

lattice; (b-c) cross section of 3D_GP_H. macropores, likely caused by air entrapment during 

the mixing step. 



 
Figure 7. (a) Image of 3D_GP_H lattice; (b-c) cross section of 3D_GP_H. 

 

Table 2 reports the results of the compressive strength, total and open porosity, and SSA 

of 3D_GP_C242 and 3D_GP_H lattices. As for the beads, the porosity of the printed lattices is 

almost entirely open. The macroporosity was set at 50% by design, therefore it appears that the 

struts possess some intrinsic porosity related to the entrapment of air but also to the evaporation 

of water during consolidation; in fact, 3D_GP_C242 lattices have a higher water ratio than 

3D_GP_H and a slightly higher porosity. A high amount of open, interconnected porosity 

should provide high contact area between the lattice and the water to be treated, hence a great 

reach on the active fillers and a high removal efficiency. In addition, the chosen geometry is 

known to have higher permeability compared to monolithic adsorbents and packed beds [37]. 

 

Table 2. Physical properties of lattices 3D_GP_C242 and 3D_GP_H. 

Samples 
Compressive 

Strength [MPa] 

Total Porosity 

[%] 

Open Porosity 

[%] 

SSA 

 [m2 g-1] 

3D_GP_C242 5.2 ± 0.8 67.2 ± 0.2 66.7 ± 0.2 185.6 

3D_GP_H 5.4 ± 0.6 63.21 ± 0.02 62.76 ± 0.02 25.4 

 

Compared to our previous works with geopolymer inks and similar designs [35,36,38], 

3D_GP_C242 and 3D_GP_H lattices possess higher total porosity, as they were produced from 



slurries with higher water ratios and porous fillers. Their compressive strength is in agreement 

with the previous results if the higher porosity value is considered; it is higher than that of the 

beads and in any case sufficient for the intended application.  

Similar to the beads, lattices with activated carbon show a much higher SSA compared to 

those with hydrotalcite. The SSA values of the lattices are higher than those of the 

corresponding beads; the denser skin produced by freeze-drying appears to partially close 

access to the microporous fillers. 3D_GP_C242 lattices are expected to be the best candidates 

for an adsorption-driven dye removal; 3D_GP_H might still provide anion exchange 

capabilities.  

 

3.4. Adsorption Tests 

3.4.1. Effect of solution pH on adsorption of Orange II 

Assessment of adsorption efficiency of the materials was started from optimizing the pH 

of the solution. This parameter has a prominent influence on adsorption processes by 

protonation and deprotonation of dissolved substances and solid materials, changing their 

surface charge and accessibility of binding sites of the solid phase. Therefore, the sorption 

studies of the anionic dye and performance of ground geopolymers P_GP_C242 and P_GP_H 

were conducted in wide pH range, from 1 to 9. 

 

 
Figure 8. Effect of initial solution pH on the adsorption capacity (orange triangles, left axis) 

of hydrotalcite added (P_GP_H) (a) and activated carbon added (P_GP_C242) (b) 

geopolymers towards Orange II uptake, and the final pH after adsorption experiments (green 

squares, right axis). 

 



The experimental data presented in Fig. 8 clearly demonstrate the strong pH dependent 

behavior for both materials. Despite the highest adsorption capacity of 39.4 mg g-1 for 

P_GP_C242 at pH 1 and 26.2 mg g-1 for P_GP_H at pH 2, the removal efficiency decreased by 

44% and 94%, respectively, after pH 3. At the same time, both adsorbents showed similar trend 

of increased alkalinity of solution within the pH range 3 – 9 after adsorption experiments. This 

similar behavior could be attributed to the presence of the same metakaolin geopolymer matrix, 

and not to the filler component.  

It is well-known that alkaline activated materials are prone to an ion-exchange, releasing 

Na+ ions into solution from both interlayer and surface sites [39] and exchanging with protons 

from aqueous solutions that facilitate the increase of pH. Therefore, the apparent rise of solution 

pH after adsorption experiments at pH > 3 (see final pH in Fig. 8) can be ascribed to the 

formation of excess OH- ions. This, in turn, leads to the lower adsorption of anionic dye due to 

deprotonation and formation of negatively charged surface sites on the materials, and, thus, 

electrostatic repulsion between the adsorbent and the adsorbate.  However, at acidic conditions 

only a moderate increase of the final pH is observed, and it does not significantly affect the 

final adsorption capacity of the materials. This fact can be ascribed to the high proton 

concentration that is sufficient for both ion-exchange and protonation of the adsorbent surface.  

Although the assessment of material performance is usually investigated under the most 

favorable pH conditions, pH 2 was set for further adsorption experiments for both materials so 

their performance under uniform conditions can be compared. Moreover, shifting pH to highly 

acidic range requires concentrated chemicals in sufficient amount, which increases 

exponentially when pH tends to 0. It does not contribute neither to the environmental part of 

the process nor the economical one. 

The adsorption efficiency at lower pH can be explained via electrostatic interactions 

between the adsorbent and the adsorbate. The aluminosilicate network of geopolymers carries 

negative surface charge, balanced by Na+ ions. The weak increase of pH after adsorption 

experiments (when initial pH is lower than 2) may lead to the insufficient release of the charge-

balancing cations from the framework and/or OH- ions from the unreacted activator [39,40] 

Moreover, at highly acidic environment the adsorbent surface becomes protonated, thus, 

creating positively charged sites for adsorption [28,30]. On the other hand, due to its anionic 

nature, Orange II dye is present in a negatively charged form in solutions with pH lower than 

11.4, which corresponds to its pKa value [41,42]. Therefore, the sharp increase in adsorption 

performance can be ascribed to the electrostatic attraction forces between the negatively 

charged pollutant and the formed positively charged surface sites of both types of adsorbents. 



The results are consistent with the literature on adsorption of different anionic species onto 

geopolymers and carbon-based materials, where the most favorable conditions were found at 

very low pH values [28,30,43–45]. 

 

3.4.2. Adsorption isotherms 

To estimate the maximum adsorption capacity of powder materials and compare the 

recovery efficiency with adsorbents in the shape of beads and lattices, the adsorption isotherms 

were derived by plotting the equilibrium adsorption capacities of the solid phase (𝑞%, mg g-1) 

against the equilibrium concentration of Orange II present in the supernatant (𝐶%, mg L-1) after 

an adsorption experiment, as reported in Fig. 9.  

 

 
Figure 9. Adsorption isotherms for geopolymer adsorbents filled with hydrotalcite (a) and 

activated carbon (b); pH 2, 24 h. 

 

Maximum achieved experimental adsorption capacities of 48.82 and 66.65 mg g -1 were 

observed for P_GP_H and P_GP_C242, respectively, in the treatment of initial 400 mg L -1 

Orange II solution. The presence of fillers in the synthesized materials favors the adsorption 

removal of the anionic dye. The lattice-shaped adsorbents, however, demonstrated lower 

removal efficiency, which may be due to lower available surface area and hindered diffusion 

through the channels that prevents interaction with available adsorption sites. The adsorption 

capacity for these materials was found to be 35.73 and 41.03 mg g -1 for 3D_GP_H and 

3D_GP_C242, respectively. It is interesting to note that hydrotalcite geopolymer beads showed 

higher adsorption capacity (47.88 mg g -1) and favorability than those containing AC (25.12 mg 



g -1), that can be ascribed to the open porous structure of the B_GP_H (see Section 3.2) 

facilitating the external/internal diffusion of anionic dye molecules to the adsorption sites.  

Different sorption models with two or more unknown parameters for mono- and multilayer 

adsorption were applied to fit the equilibrium data. However, only some of the models showed 

reasonable fitting parameters, which are summarized in the supplementary information (Figs. 

S2, S3, Table S1). The slope of the isotherms along with RL > 0 suggest energetically favorable 

adsorption for all the materials. The shape of the isotherms is similar to Type II adsorption 

isotherms, corresponding to the heteroporous solids, and, thus, cannot be reasonably fitted by 

adsorption models limited to a monolayer adsorption (R2 < 0.93). Besides, at high Ce values all 

the materials demonstrated a noticeable increase in the equilibrium adsorption capacity. In 

comparison to other multilayer adsorption models, the extension of the Brunauer–Emmett–

Teller (BET) isotherm model for solid-liquid interface showed appropriate (R2 > 0.94) fitting 

to the experimental data. The model suggests the homogeneous distribution of active sites and 

the uniform adsorption energy for all sites in the same layer. The adsorption energy of the first 

layer is different from the second and other layers, while the adsorbent-adsorbate interactions 

do not have a direct influence on the formation of subsequent adsorbate-adsorbate layers [46]. 

The fitting of experimental data of B_GP_C242 to the BET model revealed that the monolayer 

adsorption capacity (qm = 4.85 mg g-1) is almost 5 times lower compared to B_GP_H (qm = 

21.51 mg g-1). The fact of well-fitted data by multilayer adsorption model may indicate the 

presence of additional π – π adsorbate-adsorbate interactions along with electrostatic attraction 

to the surface of the adsorbent [47]. 

 

3.4.3. Adsorption kinetics 

Kinetic experiments with geopolymer based materials were performed to determine the 

rate-controlling stage during the adsorption process. The contact time was varied from 5 min to 

24 h at 100 and 150 ppm solutions for GP_H and GP_C242 adsorbents. The equilibrium time 

was found to be strictly dependent on the form of the adsorbent (Fig. 10). The steep curves 

indicate the faster kinetics for ground geopolymers at the initial stages, due to the higher 

geometric surface area available for adsorption and, thus, wider accessibility to the adsorption 

sites.   

 



 
Figure 10. Effect of contact time on adsorption of Orange II by geopolymers filled with 

hydrotalcite (a) and activated carbon (b) for 100 and 150 ppm solutions, respectively (data 

collected at pH 2). 

 

Fitting of the experimental data for all the materials was performed using several kinetic 

models. The results of the modelling along with calculated kinetic constants and R2 values are 

summarized in the supplementary information (Figs. S4, S5, Table S2). The kinetic data were 

well fitted (R2 > 0.97) to the pseudo-second-order model for all the materials except 3D_GP_H, 

which is better described by the pseudo-first-order kinetic model. At the same time other 

applied models did not show a reasonable correlation with experimental data, generally 

showing R2 < 0.95, and, therefore, are not further discussed. The fitting by PSO model indicates 

that the materials are abundant with surface active sites [48] and kinetics of adsorption of 

Orange II is dependent on the rate of the reaction between adsorbate and adsorbent, which is 

mostly driven by electrostatic attractions.  

The rate and the uptake of the pollutant by activated carbon filled GPs increases in the 

order Beads < Lattices < Powder (calculated initial PSO rate, described by the Eq. S2.4 in the 

supplementary information: 0.01 < 0.10 < 0.99 mg g-1 min-1). The observed trend can be 

explained in relation to the specific surface area and, thus, adsorption sites available for the 

adsorbate molecules. As shown on Fig. 3 and Table 1, B_GP_C242 have developed internal 

porosity, which, however, is difficult to be accessed from the bulk due to the formed “crust” (a 

low-porous shell covered the beads) during the freeze-drying process. Hence, it might occur 

that mainly the external surface area of the shell and only a little of the internal beads’ space 

are involved in the adsorption of Orange II. This observation can be also supported by the 



results of adsorption isotherms studies (see Section 3.4.2), where B_GP_C242 demonstrated 

the lowest experimental qe and calculated monolayer adsorption capacities. Higher adsorption 

capacities were measured for 3D_GP_C242, which might be due to the higher surface area to 

volume ratio, thus more external surface area was available for adsorption. Additionally, more 

porous external surface (due to absence of the freeze-drying step) resulted in better accessibility 

of internal porous space and faster adsorption kinetics. Finally, the highest capacities exhibited 

by the P_GP_C242 samples may be attributed to the largest available SSA, which was due to 

the very small size of the particles and to the internal porosity open for contact with adsorbate.  

Similar reasons may be behind higher adsorption capacities of 3D_GP_H over the 

B_GP_H (calculated initial PSO rate: 0.19 > 0.06 mg g-1 min-1). Unlike activated carbon [49], 

powdered hydrotalcite does not possess developed internal porosity, which was confirmed by 

the SEM analyses in the following works [50,51]. It might happen that SSA of P_GP_H is 

comparable with those of B_GP_H due to the fact that the internal porosity is either nonexistent 

or inaccessible, while the kinetic rate is the highest due to easily accessible active sites on the 

powder surface (initial PSO rate: 0.37 mg g-1 min-1). At the same time, differences in the 

synthesis of 3D_GP_H led to formation of partially available internal porosity that may reflect 

on the performance of the lattices at moderate concentrations. 

 

3.4.4. Stability of the sorbents upon usage 

Table 3 reports the results of the compressive strength, total porosity, and SSA of the beads 

and of the 3D lattices after usage. The mechanical properties of the geopolymer samples 

decreased after the exposure to high acidic environment and the adsorption of the dye. Such 

decrease is more pronounced in samples with higher total porosity, up to -72% for 

3D_GP_C242, as a result to higher accessibility and penetration of the dye solution into the 

structure. The total porosity also increased for all samples, with a higher variation for those 

containing hydrotalcite (~21% vs. ~13% for those containing C242). A major difference could 

be detected between the different fillers in terms of SSA: while that of the samples containing 

C242 increased significantly (more than 2 times for B_GP_C242), for those containing 

hydrotalcite it slightly decreased. 

 

  



Table 3. Physical properties after usage of beads B_GP_C242 and B_GP_H and lattices 

3D_GP_C242 and 3D_GP_H. 

Samples 

Compressive 

Strength 

[MPa] 

Variation in 

Compressive 

Strength 

Total 

Porosity 

[%] 

Variation 

in Total 

Porosity 

SSA 

[m2 g-1] 

Variation 

in SSA 

B_GP_C242_used 1.1 ± 0.4 -48% 53.8 ± 0.1 +13% 349.2 +215% 

B_GP_H_used 1.0 ± 0.3 -23% 66.36 ± 0.03 +23% 3.5 -10% 

3D_GP_C242_used 2.1 ± 0.5 -60% 75.5 ± 0.02 +12% 331.9 +79% 

3D_GP_H_used 1.5 ± 0.4 -72% 74.56 ± 0.02 +18% 19.4 -24% 

 

From the XRD spectra of the two materials before and after the adsorption tests (see Fig. 

S1b-c), a slight decrease in intensity of the amorphous band could be detected; this is attributed 

to the electrophilic attack by acid protons on the Si-O-Al bonds of the geopolymer matrix, 

resulting in the ejection of aluminum from the framework [52]. The degradation of the matrix 

can be held responsible for both the decrease in mechanical strength and the increase in porosity 

of the components. The increase in intensity of the amorphous band of C242 at lower angles 

can be associated with a higher exposition of the filler, resulting in the increased SSA. The low 

SSA of hydrotalcite with intercalated water reflects in the low values of the GP_H composites 

even after the degradation of the matrix [53].  

No significant difference could be detected for prolonged permanence in the acidic dye 

solution, a sign that the components could be reused for additional cycles. 

 

4. Conclusion 

Geopolymer composite components with the addition of activated carbon and hydrotalcite 

were fabricated in different shapes (beads and 3D lattices) and tested for the removal of the 

organic anionic dye Orange II from water. For both beads and lattices, the geopolymer matrix 

had the same molar ratios: SiO2/Al2O3 = 3.8; Na2O/Al2O3 = 1, while the H2O/Al2O3 ratio was 

adjusted to the different process. The different fillers were added to the slurries up to 27%wt 

(dry basis). 

Beads were produced by dripping the slurries into a liquid nitrogen bath and by freeze-

drying and curing the resulting beads. The process resulted in spherical beads with diameter ~4 

mm and a porous inner core with radial porosity developing towards the centre. The total 

porosity was 47.61 ± 0.03% and 53.91 ± 0.04% for B_GP_C242 and B_GP_H, respectively; 



the surface of the spheres, however, appears less porous and might hinder the accessibility to 

the inner core. 

Lattices were fabricated by DIW of geopolymer composite slurries. The slurries were 

extruded with a capillary nozzle of 840 µm producing layers of parallel struts with 0.8 mm 

spacing; the layers followed a 0º - 90º stacking scheme. The resulting components possessed a 

higher porosity compared to the beads (67.2 ± 0.2% for 3D_GP_C242 and 63.21 ± 0.02% for 

3D_GP_H), yet higher mechanical strength thanks to their non-stochastic pore architecture (a 

maximum of 5.4 ± 0.6 MPa for 3D_GP_H compared to a maximum 2.1 ± 0.5 MPa for 

B_GP_C242). 

In general, printed lattices showed higher SSA compared to beads, possibly due to the 

formation of a denser skin on the beads’ surface; SSA was much higher for samples containing 

activated carbon (185.6 m2 g-1 for 3D_GP_C242 compared to 25.4 m2 g-1 for 3D_GP_H). 

The maximum experimental adsorption capacities of adsorbents for Orange II were found 

at optimal pH 2 for the synthesized adsorbents, and were 48.82, 47.88, 35.73 and 66.65, 25.12, 

41.03 mg g-1 for powder, bead and lattice form of GP_H and GP_C242, respectively. The pH 

and adsorption isotherms showed the predominantly electrostatic adsorbate-adsorbent 

interactions, favorability of the adsorption process which is followed by multilayer adsorption 

of anionic dye on the materials. The kinetic data of the removal of Orange II by the materials 

were preferably fitted by the pseudo-second-order model, suggesting the abundance of 

adsorption active sites and the reaction between negatively charged Orange II molecules and 

protonated surface of the adsorbents as the rate-controlling step. 

Even though the performance of geopolymer composite beads and lattices still needs to be 

improved, they would provide for effective alternatives for water treatment, thanks to their ease 

of handling and separation. Their porosity and SSA increase after usage and their mechanical 

strength remains adequate for the application. The DIW process offers the biggest opportunities 

thanks to a high permeability and the possibility to tune these and other properties with an 

appropriate design.  
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